The cAMP response element modulator (CREM) plays pivotal roles in the hypothalamic-pituitary-gonadal axis. CREM mRNA is robustly expressed in human myocardium, and identified isoforms may suppress cAMP response element-mediated transcription. However, little is known about the physiological importance of CREM in intact hearts remains unknown. We studied CREM-null mice and age-matched control littermates by in vivo pressure-volume loops to analyze basal and reserve cardiac function. Basal systolic and diastolic function, echocardiographic morphology, and myocardial histology were normal in CREM-null animals. However functional reserve with increasing heart rate was markedly depressed, with less contractile augmentation (؉22؎9% CREM ؊/؊ vs.؉62؎11% controls, P<0.05) and relaxation shortening (5؎5% CREM ؊/؊ vs. ؊18؎3% controls; P<0.05) at faster rates. In contrast, isoproterenol dose-responses were similar, suggesting normal ␤-adrenergic receptor-coupled signaling. Gene expression of calcium handling proteins (SERCA, phospholamban) and stress-response genes (e.g., ␣-skeletal actin, ␤-myosin heavy chain, natriuretic peptides) were similar between groups. However, total and serine-phosphorylated phospholamban protein declined ؊38 and ؊64% respectively, and protein phosphatase-1 (PP1) activity increased 44% without increased protein levels (all 
The cAMP-responsive transcription factors are a three-member family comprised of cyclic AMP response element (CRE) binding protein (CREB), activating transcription factor-1 (ATF-1), and cAMP response element modulator (CREM) (1, 2) . Both CREB and ATF-1 are ubiquitously expressed, whereas CREM has appeared more localized to neuroendocrine tissues (3) (4) (5) (6) (7) (8) . Genes containing CRE consensus sequences in their promoter region are involved in a broad array of cellular processes, notably metabolic regulation and neurotransmission, gene transcription, cell cycle/survival/growth factors, immune regulation, and cell signaling (2) . Their activation is principally coupled to cAMP-dependent protein kinase A phosphorylation. Both CREB and CREM can be phosphorylated by growth factor and stress kinases (1, 9) , whereas CREM can be activated in male germ cells by association with ACT, a member of the LIM-only class of proteins (10, 11) .
In the heart, CREB is robustly expressed and phosphorylated (12, 13) . Although mice harboring deletion of the basic region/leucine zipper domain of CREB (CREB Ϫ/Ϫ ) die at birth from pulmonary atelectasis (14) , overexpression of a dominant negative CREB results in dilated cardiomyopathy associated with growth arrest (15) . These hearts display depressed stress fiber shortening relations and diminished dobutamine stimulation responses. CREM mRNA is expressed in the human heart; an isoform (CREMIb⌬C-X) has been described that generates internally translated repressors of CRE-mediated gene transcription (16) . CREM Ϫ/Ϫ mutant mice have been generated and survive to adulthood, although males are sterile due to apoptosis of postmeiotic germ cells (17, 18) . These animals display delayed liver regeneration after partial hepatectomy (19) , changes in circadian rhyth-micity, and reduced anxiety in behavioral tests (5, 20) . Recent data obtained in another murine model of CREM inactivation has suggested impaired basal systolic and diastolic function accompanied by diminished expression of the sarcoplasmic reticular ATPase (21)-supporting a physiologic role of CREM in the heart. The present study examined the impact of CREM on rest and cardiac reserve function in intact murine hearts employing comprehensive pressure-volume analysis. We demonstrate novel involvement of CREM in the modulation of frequency-dependent cardiac function associated with activation of protein phosphatase with lower phospholamban protein expression and serine-16 phosphorylation. These results provide novel evidence for a functional role of CREM to frequencydependent function in the intact heart.
MATERIALS AND METHODS

Animals
CREM
Ϫ/Ϫ mice were generated. Mutagenesis of the CREM locus was designed to abolish the generation of all isoforms encoding transcriptional activators and repressors (17) . CREM Ϫ/Ϫ animals (4 -6 months) and age-matched wild-type controls (same background) were housed in a 12:12-hr light/ dark cycle, with food and water provided ad libitum.
Physiological protocol
In vivo cardiovascular physiology studies were performed using a miniaturized pressure-volume catheter system developed in our laboratory (22) . Studies were performed in accordance with guidelines of the Animal Care and Use Committee of The Johns Hopkins University. Mice were anesthetized with 1-2% isoflurane, followed by urethane (750 -1000 mg/kg, i.p.), etomidate (5-10 mg/kg, i.p.), and morphine (1-2 mg/kg, i.p.). Animals underwent tracheostomy and ventilated with 6 -7 L/g tidal volume at 140 breaths/min. Fluid supplementation (12.5% human albumin) was provided (50 -100 L over 10 min) through a 30G needle cannulating the right external jugular vein. The LV apex was exposed through an incision between the 7th and 8th rib; a pressure-volume catheter (SPR-719, Millar Inst., Houston, TX) was advanced through the apex and out into the aortic root, with the distal electrode placed just within the LV cavity. The volume signal was calibrated by the hypertonic saline method (23) , with stroke volume matched to that determined from simultaneous ascending aortic flow (AT01RB; Transonic Systems Inc., Ithaca, NY).
Steady-state data and pressure-volume relations recorded during transient reduction of venous return were measured. Left ventricular pressure-volume data were recorded at incremental heart rates (400 -800 min Ϫ1 ). The I f blocker ULFS 49 (BI, 200 g i.v.) was first infused to lower heart rate Ͻ 400 min Ϫ1 without influencing LV function; rate was controlled by atrial pacing using an intraesophageal catheter (NuMed, Hopkinton, NY). The decay of systolic potentiation induced by rapid pacing after abrupt restoration to normal sinus rhythm (recirculation fraction, RF) was measured to assess the relative amount of calcium internally recycled through the sarcoplasmic reticulum (24, 25) . Last, animals received i.v. isoproterenol (1-100 ng⅐kg Ϫ1 ⅐min Ϫ1 ) at a constant atrially paced rate of 600 min Ϫ1 . After study completion, animals were killed by barbiturate overdose and hearts were excised and prepared for subsequent histological and molecular assays.
Echocardiography
Echocardiograms were performed in six CREMϪ/Ϫ and five WT animals. After induction with 1-2% isoflurane 98% O 2 , animals were placed on a heated pad and allowed to recover to a near-awake state. Two-dimensionally targeted M-mode LV images (Sonos 5500, Philips, MA) were obtained at the level of the papillary muscles using a 15MHz transducer. LV diastolic and systolic dimensions, percent shortening fraction, and end-diastolic posterior wall thickness were measured.
Histology
Myocardium was embedded in paraffin and (5 m) sections were stained using hematoxylin/eosin and Masson's trichrome to assess histology and fibrosis. Two individuals blinded as to tissue source performed the histological analysis.
RNA dot-blot analysis
RNA samples were prepared from snap-frozen hearts using TRIZOL reagent (Life Technology, Gaithersburg, MD) according to the manufacturer's protocol. RNA dot-blot analysis was performed using a published protocol (26) with a set of oligonucleotide probes (generously provided by Dr. Gerald Dorn II, University Of Cincinnati). Briefly, 2 g of total RNA isolated from the hearts of the animals was blotted on the cellulose membrane (S&S) and hybridized with P 32 labeled oligonucleotide at various lengths that complement the coding sequence of the target mRNAs. Hybridization signals were quantified using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA) and presented as relative pixel value normalized against GAPDH.
Quantitative immunoblotting
Hearts were homogenized at 4°C in a buffer containing 10 mM imidazole (pH 7.0), 0.3 M sucrose, 1 mM dithiothreitol, 1 mM sodium metabisulfite, 1 mM sodium metabisulfite, 0.3 mM phenylmethyl-sulfonyl fluoride, 2 mM EDTA, 5 g/mL leupeptin, 10 g/mL soybean trypsin inhibitor type II-S (Sigma, St. Louis, MO), and 7 g/mL pepstatin A. After solubilization of homogenates, SDS-PAGE (13%) and immunoblotting were performed as described (27) . Membranes were incubated with phospholamban (1:10,000 dilution, ABR), phosphoserine-16 (1:5000 dilution, Badrilla, UK), SERCA (1:500 dilution, homemade), and calsequestrin (1: 5000 dilution, ABR) antibodies. Primary antibody binding was visualized by peroxidase-conjugated secondary antibodies and enhanced chemiluminescence (Amersham Pharmacia Biotech, Arlington Heights, IL). Protein concentration was determined by the Bradford method (Bio-Rad, Hercules, CA) with bovine serum albumin as a standard.
Protein phosphatase expression and activity
Protein phosphatase activity was assayed using 32 P-labeled rabbit glycogen phosphorylase a as the substrate (28) . Enzyme activity was determined in the absence or presence of 4 nM okadaic acid, a concentration that, under the assay conditions, inhibits PP2A but has no effect on PP1. The incubation was conducted for 3 min on 1:10 w/vol tissue extracts or for 10 min on 1:40 diluted extracts. Under both conditions, no more that 15% of the substrate was used to assure linearity of the reaction. Phosphatase activity is expressed as nmol phosphate released per minute per milligram protein. Western analysis of PP1c was performed with a monoclonal antibody that recognizes all isoforms of PP1c (Santa Cruz, Santa Cruz, CA) and signals detected as previously reported (28) .
Statistics
Data are presented as mean Ϯ se. Between-group baseline comparisons were analyzed by unpaired t test. Force-frequency and isoproterenol dose-response relations were analyzed by repeated measures ANOVA (multivariate linear regression model) with a grouping factor.
RESULTS
Basal cardiac characteristics of CREM ؊/؊
Baseline hemodynamics, chamber morphology, mass, and histology for CREM Ϫ/Ϫ and control animals are summarized in Table 1 and Fig. 1 . Pressure-volume relations (Fig. 1A) display normal chamber volumes and systolic and diastolic function in CREM Ϫ/Ϫ animals at rest. The only hemodynamic difference was a slightly lower LV end-systolic pressure in CREM Ϫ/Ϫ that could reflect differences in systemic resistance. Echocardiography confirmed normal chamber size wall thickness, and fractional shortening (Fig. 1B) ; histological examination showed normal myocardial architecture without interstitial fibrosis or fiber disarray (Fig. 1C) . The presence or absence of an altered cardiac failure genotype was further probed by analyzing fetal genes commonly recapitulated in hypertrophic and dilated cardiac failure. As shown in Fig. 1D , dot-blot assays of ␣-skeletal actin, ␣ and ␤-myosin heavy chain, and atrial or brain natriuretic peptide revealed no differences between WT and CREM Ϫ/Ϫ hearts.
Force-frequency relationship
In contrast to basal function, the enhancement of systolic function and diastolic relaxation observed with incremental heart rate (FFR) in control (WT) hearts was diminished in CREM Ϫ/Ϫ mice. Systolic function indexed by load-independent parameters (e.g., peak rate of change of pressure at a matched end-diastolic volume) rose 62 Ϯ 11% in WT controls vs. only 22 Ϯ 9% in CREM Ϫ/Ϫ (PϽ0.05 for group interaction). Similar results were obtained for preload-adjusted maximal power, another load-independent systolic index (29) (Fig. 2A) . Even greater frequency-dependent disparities were observed in diastolic relaxation rates. The exponential time constant of pressure decline and pressure half-time both declined by ϳ20% in WT animals at faster heart rates, whereas neither was significantly altered by frequency change in CREM Ϫ/Ϫ mice (PϽ0.01, Fig. 2B ).
To further probe abnormalities of force-frequency modulation, the rate of systolic potentiation decay after abrupt cessation of rapid pacing was determined. The geometric time constant reflecting this decay is the recirculation fraction, an index of the relative proportion of calcium internally recycled via the sarcoplasmic reticulum. The RF in CREM Ϫ/Ϫ was 0.97 Ϯ .016, nearly identical to that in WT (0.96Ϯ.02) (Fig. 3) .
Response to ␤-adrenergic stimulation
An alternative contributor to a blunted FFR is downregulation of ␤-adrenergic signaling (30) . This was potentially relevant in that ␤-receptors and downstream signaling components have CRE consensus sequences in their promoters. We therefore examined inotropic and lusitropic responses to ␤-adrenergic stimulation at a fixed heart rate. However, unlike the FFR response, the dose response of systolic (Fig. 4A) and diastolic function (Fig. 4B) to isoproterenol was virtually identical between CREM Ϫ/Ϫ and WT animals.
SERCA and PLB expression and phosphorylation
Reduced FFR behavior is frequently linked to abnormal calcium uptake into the SR as mediated by SERCA2 and PLB. Although recirculation fraction was similar in WT and CREM Ϫ/Ϫ hearts, suggesting similar total recycled calcium, abnormal frequency-dependent enhancement of SR uptake could depend on either protein. SERCA2 and PLB gene expression (Fig. 5A) were similar in WT and CREM Ϫ/Ϫ , but there were important post-translational changes, with a 38% decline in total PLB protein expression and 64% decline in ser(16)-phosphorylated PLB (both PϽ0.01; Fig. 5B, C) . These changes were similar (if not slightly greater) when total and ser(16)-PLB were normalized to calsequestrin protein levels Figure 2 . Depression of force-frequency relation in CREMϪ/Ϫ mice. A) Systolic parameters show reduction in the normal rise of function with increasing heart rate. Data are shown normalized to parameter values obtained at the lower (500 min Ϫ1 ) heart rate. Two load-independent parameters (dP/dt max and maximal LV power both adjusted for preload change, EDV) showed similar responses. *P Ͻ 0.05 for group interaction effect. B) Diastolic relaxation was faster in control mice at higher pacing frequency, but this was markedly blunted in CREMϪ/Ϫ mice. *P Ͻ 0.01 for group interaction effect. measured in each heart (Ϫ45, Ϫ70%, respectively, PϽ0.01; Fig. 5C , bottom). In contrast, SERCA2 protein and calsequestrin were identical between groups.
Protein phosphatase activity and expression
PLB phosphorylation is regulated by protein phosphatases 1 and 2. Since ser(16)-PLB was reduced in CREM Ϫ/Ϫ , we examined whether PP1 or PP2A were differentially activated in this model. The results (Fig.  6A) revealed a ϩ 44% increase in PP activity (PϽ0.01). When the assay was performed in the presence of 4 nM okadaic acid, the total PP activity was decreased, consistent with inhibition of PP2A, but the increase in activity remained, indicating that activation was due principally to PP1. Data were after 3 min incubation; similar results were obtained after a 10 min assay (not shown). PP1 protein expression was determined by Western blot, but there was no difference between WT and CREM Ϫ/Ϫ . Thus, enhanced PP1 activity was due to enzyme activation rather than increased levels.
DISCUSSION
The present study reveals novel involvement of the CRE-response modulating protein CREM to the cardiac force-frequency response by a mechanism that involves post-translational modifications including PP1 activation, and reduced total PLB protein expression and ser(16)-PLB phosphorylation. Intriguingly, CREM Ϫ/Ϫ hearts did not display basal dysfunction, nor expression of recapitulated fetal genes that often occur in failing hearts as indicators of stress/hypertrophic response. Rather, dysfunction appeared selective to frequencydependent changes without evidence of ␤-adrenergic down-regulation. These data suggest that CREM may play a role in the suppressing PP1 activation in the heart, preserving phosphorylation of distal targets such as PLB.
Earlier studies of CREM have demonstrated its pivotal role in the hypothalamic-pituitary-gonadal axis (1, 3, 5) . CREM is highly expressed in male postmeiotic cells, where it undergoes a switch from repressor to activator by association with the testes-specific ACT (activator of CREM) protein (1, 11) . Male CREM Ϫ/Ϫ animals are sterile with complete block at the first step of spermiogenesis (17) . CREM is important to circadian rhythms within the pineal gland (5), coupling transcriptional modulation to ␤-sympathetic-cAMP diurnal oscillation (20, 31) .
CREM mRNA is expressed abundantly in the human heart. Müller et al. (16) first reported the presence of CREM-Ib⌬C-X mRNA in failing right ventricular tissue taken from patients undergoing cardiac transplantation for end-stage dilated cardiomyopathy. The 9 and 11 kDa internal translation products (putative HIbI and HIbII) demonstrated inhibitory signaling properties, blunting cAMP-stimulated luciferase activity (CRE-mediated transcription) by 55% in cells overexpressing CREM-Ib⌬C-X. The authors speculated that ␤-adrenergic hyperstimulation in the failure state might activate this inhibitory protein and, much like a dominant negative CREB model, contribute to the development of cardiac dysfunction. However, whether expression of CREM-Ib⌬C-X is indeed restricted to failing vs. normal hearts remains unclear, as data for normal myocardium have not been reported. Whereas in vitro overexpression of CREM-Ib⌬C-X had potent inhibitory effects on CRE-mediated transcription (16) , such data did not identify basal CREM regulation. More recently, the same investigators studied basal and adrenergic stimulated cardiac function in a murine model of CREM inactivation (21) , and reported impaired function accompanied by depressed SERCA2 expression.
As with the recent study of Muller et al (21), we also observed a slight reduction in systolic pressure in CREM Ϫ/Ϫ animals; however, this was not associated with basal depression of systolic function when examined by comprehensive and load-insensitive pressurevolume relations. Adrenergic responses were similar between CREM Ϫ/Ϫ and controls (measured in the present study at constant heart rate), whereas the frequency response was blunted. Furthermore, SERCA2 expression was unchanged at both mRNA and protein levels in the current study, whereas total PLB (and ser(16)-PLB) declined, in contrast to the prior study. The reasons for these disparities remain unclear, however differences between the murine models themselves as well as in the experimental methods and procedures (e.g. anesthesia, basal function, heart rates) used to assess cardiac hemodynamics may have played a role.
Absence of CREM did not appear to trigger excessive CRE-mediated signaling as such a change would likely trigger hypertrophic responses, including myosin isoform shifts and altered adrenergic signaling; yet neither was observed. Inhibition of PP1 by either up-regulation of the intrinsic I-1 inhibitor (33) or pharmacologic agents, enhances CREB phosphorylation (34) . The increased PP1 in CREM Ϫ/Ϫ suggests a novel mechanism whereby CREM may interact with CREB to modulate transcriptional activity; in this regard, the present data may extend beyond the heart. Activation of PP1 has been reported in experimental and human heart failure and is thought to contribute to contractile dysfunction by enhancing dephosphorylation of calcium handling and contractile proteins (35) (36) (37) . Inhibition of PP with cantharidin shortens relaxation time in association with enhanced ser(16)-PLB and enhances inotropy associated with increased thr(17)-PLB and troponin-I phosphorylation (38) . Mice expressing a threefold increase in PP1 display dilated cardiomyopathy and premature death (39) associated with marked elevation of ANP, ␣-skeletal actin, and ␤-MHC gene expression. More modest increases in PP1 activity (23%) achieved by ablation of an intrinsic PP1-specific inhibitor led to modest cardiac depression at baseline and impaired ␤-adrenergic responsiveness, but no frank cardiac failure (39) . In the present study, PP1 activity was modestly elevated in CREM Ϫ/Ϫ mice, yet basal and ␤-adrenergic stimulated function appeared normal. This disparity may relate to differentially affected downstream PP1 targets or concomitant changes in other enzymes associated with the lack of CREM, which was not induced in the earlier model.
The marked reduction in ser (16)
is compatible with elevated PP1 activity and, relative to the decline in PLB, indicates net PLB hypophosphorylation that could have contributed to the FFR deficit observed. Depressed force-frequency relations and diminished PLB phosphorylation are observed with cardiac failure and are thought to be mechanistically linked (35, 40 -43) . Total PLB was reduced in CREM Ϫ/Ϫ despite similar levels of SERCA2, lowering the PLB/SERCA2 ratio. Although this ratio itself can alter the FFR (44, 45) , levels of protein-phosphorylation are very important to the net effect. In the present model, a greater decline in ser(16)-PLB over total PLB with preserved SERCA2 reduced FFR behavior, most strikingly with respect to relaxation. Additional targets of PP1 (e.g., TnI) might have played a role in this response, but clarifying this pathway will require further study.
PLB has two phosphorylation sites-Ser(16) and Thr(17)-the former coupled to protein kinase activation, and the latter to Ca 2ϩ /calmodulin-dependent protein kinase II. Frequency encoded stimulation has been proposed to principally stimulate Thr(17)-PLB whereas ␤-adrenergic stimulation principally couples with Ser(16)-PLB (46), the latter being sufficient to achieve a maximal ␤-agonist response (47) . However, Thr(16)-PLB is synergistically stimulated when frequency-dependent signaling is combined with adrenergic stimulation (46) as present in vivo. Although we could not selectively identify Thr(17)-PLB in the mouse hearts, diminution of Ser-16-PLB could certainly modulate ambient adrenergic-coupled calcium uptake and thus force-frequency behavior.
The importance of the FFR to normal cardiac reserve has been firmly established, with studies showing a potent involvement of SR calcium cycling proteins in mediating its depression in heart failure (42, 43) . Such insights have led to gene transfer and murine genetic cross experiments confirming the potency of restoring SERCA2 (42) or elevating phosphorylated-PLB (48).
The present data suggest that CREM can further contribute to this process, but that it does so in a manner that preserves ␤-adrenergic response and without inducing failure phenotype or genotype. The involvement of PP1 stimulation suggests CRE-responsive signaling of PP1 inhibitors, which may have implications to other organs systems. Whether increased CREM expression has the opposite effects remains to be determined. Future studies using microarrays and proteinomics in normal and diseased cardiac states should help clarify the nature of CRE/CREM/CREB expression changes, their potential role in phosphorylation cascades, and their importance to the heart. 
